Although the involvement of genetic abnormalities in autism spectrum disorders (ASD) is well-accepted, recent studies point to an equal contribution by environmental factors, particularly environmental toxicants. However, these toxicant-related studies in ASD have not been systematically reviewed to date. Therefore, we compiled publications investigating potential associations between environmental toxicants and ASD and arranged these publications into the following three categories: (a) studies examining estimated toxicant exposures in the environment during the preconceptional, gestational and early childhood periods; (b) studies investigating biomarkers of toxicants; and (c) studies examining potential genetic susceptibilities to toxicants. A literature search of nine electronic scientific databases through November 2013 was performed. In the first category examining ASD risk and estimated toxicant exposures in the environment, the majority of studies (34/37; 92%) reported an association. Most of these studies were retrospective case-control, ecological or prospective cohort studies, although a few had weaker study designs (for example, case reports or series). Toxicants implicated in ASD included pesticides, phthalates, polychlorinated biphenyls (PCBs), solvents, toxic waste sites, air pollutants and heavy metals, with the strongest evidence found for air pollutants and pesticides. Gestational exposure to methylmercury (through fish exposure, one study) and childhood exposure to pollutants in water supplies (two studies) were not found to be associated with ASD risk. In the second category of studies investigating biomarkers of toxicants and ASD, a large number was dedicated to examining heavy metals. Such studies demonstrated mixed findings, with only 19 of 40 (47%) case-control studies reporting higher concentrations of heavy metals in blood, urine, hair, brain or teeth of children with ASD compared with controls. Other biomarker studies reported that solvent, phthalate and pesticide levels were associated with ASD, whereas PCB studies were mixed. Seven studies reported a relationship between autism severity and heavy metal biomarkers, suggesting evidence of a dose-effect relationship. Overall, the evidence linking biomarkers of toxicants with ASD (the second category) was weaker compared with the evidence associating estimated exposures to toxicants in the environment and ASD risk (the first category) because many of the biomarker studies contained small sample sizes and the relationships between biomarkers and ASD were inconsistent across studies. Regarding the third category of studies investigating potential genetic susceptibilities to toxicants, 10 unique studies examined polymorphisms in genes associated with increased susceptibilities to toxicants, with 8 studies reporting that such polymorphisms were more common in ASD individuals (or their mothers, 1 study) compared with controls (one study examined multiple polymorphisms). Genes implicated in these studies included paraoxonase (PON1, three of five studies), glutathione S-transferase (GSTM1 and GSTP1, three of four studies), δ-aminolevulinic acid dehydratase (one study), SLC11A3 (one study) and the metal regulatory transcription factor 1 (one of two studies). Notably, many of the reviewed studies had significant limitations, including lack of replication, limited sample sizes, retrospective design, recall and publication biases, inadequate matching of cases and controls, and the use of nonstandard tools to diagnose ASD. The findings of this review suggest that the etiology of ASD may involve, at least in a subset of children, complex interactions between genetic factors and certain environmental toxicants that may act synergistically or in parallel during critical periods of neurodevelopment, in a manner that increases the likelihood of developing ASD. Because of the limitations of many of the reviewed studies, additional high-quality epidemiological studies concerning environmental toxicants and ASD are warranted to confirm and clarify many of these findings.
INTRODUCTION
Autism spectrum disorders (ASD) are a heterogenous group of neurodevelopmental disorders that are behaviorally defined and characterized by impairments in communication and social interaction along with restrictive and repetitive behaviors. 1 ASD includes autistic disorder, Asperger syndrome and pervasive developmental disorder-not otherwise specified. ASD affects an estimated 1 out of 88 individuals in the United States 2 with four times more males than females being affected. 3 The etiology of ASD is unclear at this time. Although several genetic syndromes, such as Fragile X and Rett syndrome, have been associated with ASD, empirical studies have estimated that single gene and chromosomal defects only account for a minority of ASD cases. 4 Recently, evidence has accumulated implicating a role that environmental factors have in ASD. For example, one recent study of 192 twin pairs reported that environmental factors were estimated to account for 55% of the risk of developing autistic disorder compared with 37% for genetic factors; a similar risk pattern was also observed for developing the broader diagnosis of ASD. 5 Although many of the cognitive and behavioral features of ASD are thought to arise from dysfunction of the central nervous system, evidence from many fields of medicine has documented multiple non-central nervous system physiological abnormalities associated with ASD, 6 suggesting that, in some individuals, ASD arises from systemic, rather than organ-specific abnormalities. Specifically, in recent decades, research and clinical studies have implicated physiological and metabolic systems that transcend specific organ dysfunction, such as immune dysregulation, inflammation, impaired detoxification, redox regulation/oxidative stress and energy generation/mitochondrial systems. 6, 7 In this context, ASD may arise from, or at least involve, systemic physiological abnormalities rather than being a purely central nervous system disorder, 8 at least in a subset of individuals with ASD.
Exposures to environmental toxicants such as mercury, lead, arsenic, polychlorinated biphenyls (PCBs) and toluene are known causes of neurodevelopmental disorders. 9 Approximately 85 000 chemicals have been manufactured in the United States, and although only about 2800 are used in high volumes (more than one million pounds produced per year), little information exists about the developmental toxicity for most of these, including many that are in common use today. 10 Because of limitations inherent to toxicant studies in assessing subtle changes in neurobehavioral outcomes and accurately measuring toxicant exposures, the risk of developing a neurodevelopmental disorder after exposure to a particular toxicant probably tends to be underestimated rather than overestimated. 11 Furthermore, individual variability in genetic susceptibility can influence responses to environmental toxicants and contribute to increased disease vulnerabilities. 12 For example, several studies have reported that some individuals with ASD express polymorphisms in genes involved in the detoxification of environmental pollutants. These genes have been termed 'environmental response genes' 13 and more than 100 such genes may contribute to ASD risk. 14 Single nucleotide polymorphisms (SNPs) in environmental response genes are believed to increase susceptibilities to the adverse effects of environmental toxicants. 15 Until recently, the study of potential environmental toxicant contributions to the development of ASD has been generally 'neglected'. 16 However, several large studies examining the role of environmental factors in ASD are currently underway. One recent review reported that 190 articles (including review articles and animal studies) published since 1971 have examined environmental toxicants in ASD with 170 (89%) implicating an association with ASD. 6 This current review explores potential associations between ASD and environmental toxicants, including environmental exposures to toxicants, biomarkers of toxicants and genetic polymorphisms that might be associated with impaired detoxification. Although prior reviews have examined the evidence for an association between ASD and toxicants, this review systematically examines and differentiates studies examining estimated exposures to environmental toxicants from those measuring biomarkers of toxicants, while also examining the evidence for exposure risk during specific developmental time periods. In addition, this review examines the role of environmental response genes in relation to specific environmental toxicants found to be implicated in ASD in order to determine whether the notion of shared environmental and genetic risk factors can be supported for environmental toxicant exposures. Through this analysis, we demonstrate that evidence exists to support the notion that environmental toxicant exposures across multiple developmental periods can increase the risk of developing ASD and that studies support shared environmental and genetic etiological risk factors contributing to the development of ASD.
MATERIALS AND METHODS

Search strategy and selection criteria
We systematically reviewed and collated studies into the following three categories: (a) published studies concerning potential associations between estimated exposures to toxicants in the environment and the risk of ASD; (b) studies regarding biomarkers of environmental toxicants and ASD; and (c) studies examining potential genetic susceptibilities to environmental toxicants. Five studies in the first category (a) utilized biomarkers of toxicant exposure [17] [18] [19] [20] [21] to create dichotomous toxicant exposure groups and then prospectively investigated whether these exposure groups were associated with ASD development later in life. As these studies were not primarily concerned with the relationship between these biomarkers and ASD, these studies were placed into category (a) instead of (b). To identify publications in the first two categories-(a) and (b)-a search of Pubmed, Scopus, EMBASE, Google Scholar, CINAHL, ERIC, AMED, PsychInfo and Web of Science databases through November 2013 was conducted to identify pertinent articles using the search terms 'autism', 'autistic', 'ASD', 'Asperger', 'pervasive developmental disorder' and 'PDD' in all combinations with the terms 'toxicant', 'toxin', 'metal', 'mercury', 'lead', 'chemical', 'pesticide', 'PCB', 'phthalate', 'solvent', 'pollutant', 'pollution', 'xenobiotic' and 'detoxification.' The references cited in identified publications were also searched to locate additional studies. Review articles, hypothesis papers and letters to the editor that did not present unique or new data were excluded from the analysis. Publications of animal models were also excluded. Studies concerning potential toxicant exposures related to medications (for example, mercury or aluminum in medicinal preparations, including vaccines and dental amalgams), food additives, cocaine, alcohol, smoking, allergens, maternal stressors and infectious agents (for example, viruses, yeast and bacteria) were excluded. Figure 1 lists the PRISMA flowchart for publications examining estimated environmental toxicant exposures and/or biomarkers of toxicants in ASD identified from this search. A total of 118 publications were identified with 4 ,312 records identified through database searching 3,360 records excluded Reasons:
1,910 Not related to ASD 1,270 ASD, not related to toxicants 98 Review articles, hypothesis papers or letters to editor 50 Papers on thimerosal 32 Animal models 3,478 records after 834 duplicates removed 3,478 records screened 118 Remaining records: 84 Publications implicating toxicants in ASD 7 Studies only reporting treatments for toxicants in ASD 27 Publications reporting no significant association between toxicants and ASD 84 publications (71%) implicating toxicants in ASD, 7 studies (6%) reporting on treatments for toxicants in ASD and 27 publications (23%) reporting no significant association between environmental toxicants and ASD. To identify publications in category (c), a second search using the same databases was performed to identify genes involved in detoxification that have been implicated in ASD by using the search terms 'autism', 'autistic', 'ASD', 'Asperger', 'pervasive developmental disorder' and 'PDD' in all combinations with a list of genes from two web-based environmentally related genomic databases: the National Institute of Environmental Health Sciences Environmental Genome Project (Phase 1 finished genes, http:// egp.gs.washington.edu/finished_genes.html) and SeattleSNPs (http://pga. gs.washington.edu/finished_genes.html). The lists of genes from these databases used in the search are present in Supplementary Material Table S1. This search revealed several genes known to be involved in the detoxification of xenobiotics and also implicated in ASD, including PON, glutathione S-transferase, δ-aminolevulinic acid dehydratase (ALAD2), divalent metal ion transporter SLC11A3 and the metal regulatory transcription factor. Figure 2 lists the PRISMA flowchart for the 10 publications reporting genes involved in toxicant elimination and ASD identified from this search.
Studies were grouped into the following three sections in this review: (a) epidemiological and other studies exploring potential associations between estimated toxicant exposures in the environment and ASD risk; (b) studies measuring biomarkers of toxicants and potential associations with ASD; and (c) studies examining polymorphisms in genes involved in detoxification and potential associations with ASD.
RESULTS
Potential associations between ASD and environmental toxicant exposures
Some studies examined estimated environmental toxicant exposures in parents of children with ASD during the preconceptional and gestational periods, whereas others examined estimated exposures during childhood in children who developed ASD. Therefore, these three developmental time periods are discussed separately. For the gestational and childhood exposure sections, the reviewed studies examined estimated exposures to specific categories of environmental toxicants; therefore, each category of environmental toxicants is also discussed separately. A majority of the studies reviewed in this section were retrospective case-control studies or prospective cohort studies, although several had a weaker design (for example, case reports or series). Limitations of studies and further research needs are also listed.
Preconceptional exposures
Three retrospective case-control studies examined estimated toxicant exposure during the preconceptional period in parents of children with ASD, with each reporting an association with ASD. The first study by Coleman, 22 published in 1976, contained 78 children with ASD and 78 typically developing (TD) children who were age-/sex-matched friends or neighbors and reported that the parents of the ASD children were significantly more likely to work in an occupation involving chemical exposures during the preconception period (26% of families) compared with parents of TD children (1% of families). As recruited participants knew the goal of the study, Coleman was concerned about recruitment bias in her sample. In order to control for this bias, Felicetti 23 selected parents of 20 ASD children and 20 non-autistic children with intellectual disability who attended the same school for the developmentally disabled. Twenty TD children who were friends or neighbors of the ASD cases were randomly selected and used as controls. Parents of children with ASD demonstrated a significantly higher frequency of estimated occupational exposure to chemicals during the preconception period (21% exposed; approximately two-thirds of those exposed were chemists) compared with parents of non-autistic children with intellectual disability (3% exposed) and TD children (10% exposed). 23 Finally, the last study examined estimated parental occupational exposure from preconception through the early life of the child in 93 parents of ASD children and 81 parents of TD children as assessed by industrial hygienists as well as parental recall. Parents of children with ASD were more likely to have occupational workplace exposures to lacquer (odds ratio (OR) = 7.3; 95% confidence interval (CI), 1.6-33.5), varnish (OR = 4.7; 95% CI, 1.0-22.0), xylene (OR = 2.7; 95% CI, 1.1-6.7), solvents (OR = 3.1; 95% CI, 1.3-7.7) and asphalt (OR = 6.9; 95% CI, 1.5-32.4) during the 3 months preceding pregnancy through birth or weaning (if breast feeding) compared with parents of TD children. 24 Notably, these three studies reported a potential association between toxicant exposures in the preconceptional period and autism risk; however, given the limited number of these studies, the limitations of the retrospective study design and the relatively small sample sizes, further studies are needed to investigate this apparent association.
Gestational exposures
Pesticides. One retrospective case-control and three prospective cohort studies examined ASD risk and gestational exposure to pesticides with each study reporting an association with ASD. The retrospective case-control study identified 465 children with ASD through the California Department of Developmental Services and 6975 TD children and examined estimates of pesticide exposure, as obtained from the California Department of Pesticide Regulation. This study analyzed the effects of combinations of three separate pesticide exposure factors during pregnancy: type of pesticide, timing of exposure and residential distance from pesticide application. Estimated prenatal exposure to organochlorine pesticides (specifically dicofol and endosulfan) during the 8 weeks immediately following the time of cranial neural tube closure was associated with an increased risk of ASD (OR = 6.1; 95% CI, 2.4-15.3) in children of mothers who lived within 500 m of fields that had the highest quartile of estimated pesticide exposure compared with children whose mothers lived more than 1750 m from exposure, and therefore had the lowest exposure levels. 25 Notably, another study used the same data set as well as Bayesian modeling to define the critical periods before, during and after pregnancy when proximity to organochlorine pesticides would be most likely to result in ASD. This model identified two peaks of developmental vulnerability, one that extended from 38 days before fertilization to 163 days following fertilization and a second postnatal peak ranging from 346 to 529 days post fertilization. 26 The first prospective cohort study followed 254 inner-city newborn infants who were prenatally exposed to the organophosphate (OP) insecticide chlorpyrifos. Children with higher estimated exposure levels (as determined by an umbilical cord plasma chlorpyrifos concentration greater than 6.17 pg g − 1 ) were significantly more likely to develop symptoms of PDD by 36 months of age as measured by answers provided by mothers on the 99-item Child Behavior Checklist compared with children with lower estimated exposure levels (OR = 5.39; 95% CI, 1.21-24.11). 20 The second cohort study followed 531 newborn infants from Latino farm-worker families in California who were exposed to OP pesticides during pregnancy, as estimated by measuring urinary biomarkers of OP pesticides (dialkylphosphate (DAP) metabolites) collected from their mothers during pregnancy. A significantly increased risk of PDD symptoms at 2 years of age, as measured by answers provided by mothers on the Child Behavior Checklist, was found for each 10-fold increase in DAP metabolites (OR = 2.3; 95% CI, 1.0-5.2). 18 Finally, the last cohort study of 75 children with autism and 75 TD controls matched on sex, birth year, urbanization and maternal age measured several toxicant metabolites during pregnancy, including pesticides, PCBs and other organic pollutants. This study reported a trend in elevated risk of ASD for children at 7 years of age or older who had the highest 10th percentile of estimated exposure in total PCBs (OR = 1.91; 95% CI, 0.57-6.39) and in dichlorodiphenyldichloroethylene (OR = 1.79; 95% CI, 0.52-6.21). 17 Notably, these four studies ranged from 75 to 531 children with three studies being prospective in nature. Collectively, these studies point to a relatively strong association between pesticide exposure during gestation and ASD, with some studies reporting a two-to fivefold increased OR.
Air pollution. Six retrospective case-control studies examined ASD risk and estimated exposure to air pollution during gestation, with each reporting an association. These studies selected children diagnosed with ASD and used birth records or parental interviews to determine their residence during gestation (although one study used an additional questionnaire). The first study was population based and contained 304 children with ASD and 259 TD controls, and reported that maternal residences during the third trimester (OR = 2.22; 95% CI, 1. 16-4.42 ) and at the time of delivery (OR = 1.86; 95% CI, 1.04-3.45) were more likely to be located near a freeway in the ASD group compared with the TD controls. The investigators suggested that closer residence to a freeway was a surrogate for higher exposure to air pollution. 27 The second study compared estimated perinatal exposure to 35 air pollutants between 383 children with ASD and 2829 children who had speech and language impairment. Exposures to ambient concentrations of metal, particulate and volatile organic air compounds were assessed in relationship to the child's birth residence. Hazardous air pollutants associated with an elevated risk of ASD included quinoline (OR = 1.4; 95% CI, 1.0-2.2) and styrene (OR = 1.8; 95% CI, 1.0-3.1). 28 The third study enrolled 7603 children with autism matched to 10 controls per autism case. This study reported a 12-15% estimated increase in the risk of autism for each increase in the interquartile range of ozone (OR = 1.12; 95% CI, 1.06-1.19) and particulate matter o 2.5 μm (PM 2.5 ) in aerodynamic diameter (OR = 1.15; 95% CI, 1.06-1.24) while controlling for the effect of each pollutant on the other pollutants. 29 The fourth study was population based and contained 279 children with ASD and 245 controls, and reported that residences with the highest quartile of traffic-related air pollution were associated with ASD during gestation (OR = 1.98; 95% CI, 1.20-3.31), including estimated exposures to PM 2.5 (OR = 2.08; 95% CI, 1.93-2.25), particulate matter o 10 μm (PM 10 ) in aerodynamic diameter (OR = 2.17; 95% CI, 1.49-3.16) and nitrogen dioxide (OR = 1.81; 95% CI, 1.37-3.09). 30 A fifth study of 325 children with ASD and 22 101 controls reported that perinatal exposure to the highest versus lowest quintile of air pollutants was significantly associated with an increased risk of ASD, including pooled metals (OR = 1.5; 95% CI, 1.3-1.7), mercury (OR = 2.0; 95% CI, 1.2-3.3), lead (OR = 1.6; 95% CI, 1.1-2.3), nickel (OR = 1.7; 95% CI, 1.1-2.5), manganese (OR = 1.5; 95% CI, 1.1-2.2), diesel particulate (OR = 2.0; 95% CI, 1.0-4.0) and methylene chloride (OR = 1.8; 95% CI, 1.2-2.7). Notably, a stronger association was observed in boys compared with girls for most pollutants, suggesting a sex-specific interaction. 31 Finally, the last casecontrol study was population based and examined air pollution exposure (including traffic-related air pollution, PM 2.5 , PM 10 , nitrogen dioxide and ozone) during the prenatal period in 252 children with ASD and 156 TD controls as well as a genetic variant in the MET receptor tyrosine kinase (MET) gene. Children who had both a MET rs1858830 CC genotype and higher exposures to certain air pollutants (in the top exposure quartile) had a greater risk of ASD compared with those with lower exposures and the CG/GG genotypes. The air pollutants found to have a significant association with ASD included traffic-related air pollution (adjusted OR = 2.9; 95% CI, 1.0-10.6), PM 10 (adjusted OR = 3.2; 95% CI, 1.3-9.1) and nitrogen dioxide (adjusted OR = 3.6; 95% CI, 1.3-12.7), whereas PM 2.5 and ozone did not demonstrate this association. 32 Collectively, these six case-control studies ranged from 252 to 7603 children with ASD and their results point to an association between ASD and air pollution, but these findings are limited by the retrospective nature of these studies.
Other toxicants. Two prospective and four retrospective studies examined ASD risk and other gestational environmental toxicant exposures with five out of six reporting an association. The prospective studies quantitatively estimated toxicant concentrations while the retrospective studies used questionnaires. The first prospective study measured urinary metabolites of phthalates and bisphenol A during the third trimester of 137 pregnancies, and reported that children with the highest estimated exposure to phthalates, but not bisphenol A, had a trend toward greater social deficits (OR = 1.53; 95% CI, 0.25-2.9) at 7-9 years of age as measured by maternal ratings on the Social Responsiveness Scale (a quantitative scale for measuring the severity of social impairment related to ASD) compared with children with less estimated exposure. 19 The second prospective study of 1784 children and young adults from the Republic of Seychelles examined prenatal exposure to methylmercury (predominantly through fish consumption) as measured in maternal hair samples collected around the time of birth and found no significant association between methylmercury exposure and ASD, as measured by the Social Communication Questionnaire administered to parents and the Social Responsiveness Scale administered to teachers at 10.7 years of age. 21 As previously mentioned, one case-control study retrospectively estimated parental occupational exposure from preconception through early life of the child and reported that parents with ASD children were more likely to have occupational workplace exposure during gestation to lacquer, varnish, xylene, solvents and asphalt. 24 In the second retrospective case-control study, maternal knowledge about environmental toxicants as well as estimated exposures to toxicants during the brain growth spurt (BGS)-a period of time extending from the third trimester of pregnancy through the first 2 years of life-were examined in 106 mothers of children with ASD and 324 mothers of TD children. Mothers of children with ASD were found to be significantly less knowledgeable about environmental toxicants and had higher estimated exposures during the BGS to toxicants including polybrominated diphenyl ethers, PCBs, bisphenol A and polychlorinated dibenzo-p-dioxin related to canned foods, waste incinerators, old electronics, plastics, microwavable food and textiles. 33 A third retrospective case-control study of 284 children with ASD and 682 partially matched TD children of similar age from regions in the San Francisco Bay area reported that mothers of children with ASD were twice as likely (14.4 versus 7.2%) during gestation to work in an occupation with exposure to toxicants such as exhaust and combustion products (OR = 12.0; 95% CI, 1.4-104.6) and disinfectants (OR = 4.0; 95% CI, 1.4-12.0); paternal occupational exposure was not found to be associated with autism. 34 Finally, the fourth retrospective case-control study from Spain examined 70 children with ASD and 136 controls, and reported that parental occupational exposures to solvents (including paints, varnishes, lacquers, adhesives, glues, degreasing chemicals, cleaning supplies, dyes, polymers, plastics, textiles and printing inks) were associated with an increased risk of ASD when the mother (OR = 2.88; 95% CI, 1.28-6.17) or the father (OR = 2.81; 95% CI, 1.01-7.86) worked with solvents. 35 Collectively, these studies ranged from 70 to 1784 children and provided limited evidence for an association between exposures to other toxicants during gestation and ASD. One of the prospective studies reported a trend toward an association between phthalates and ASD symptoms. However, the largest prospective study reported no significant association between methylmercury and ASD.
Childhood exposures
Pesticides. Three studies examined estimated pesticide exposures during childhood and ASD with each reporting an association with ASD. As previously discussed, one prospective cohort study measured biomarkers of OP pesticides (DAP metabolites) in 531 children from Latino farm-worker families in California to determine estimated exposure levels to OP pesticides during gestation and early postnatal life. A significantly increased risk of PDD symptoms as measured by answers provided by mothers on the Child Behavior Checklist was found for each 10-fold increase in DAP metabolites measured in the child at 24 months of age (OR = 1.7; 95% CI, 1.0-2.9). The investigators noted, however, that the association between postnatal OP pesticide exposure and PDD symptoms should be interpreted with caution as greater postnatal exposure was also associated with better scores on the Bayley Mental Developmental Index. 18 One cross-sectional retrospective study of 1532 children from farm families exposed to pesticides reported that two children with parentally reported ASD had fathers directly exposed to phosphine, a fungicide. 36 Finally, using computer-based modeling of toxicant-protein interactions and data from the Online Mendelian Inheritance in Man database and the Comparative Toxicogenomics Database, one study reported that the dichlorodiphenyltrichloroethane metabolite o,p′-dichlorodiphenyltrichloroethane was linked to ASD. 37 Collectively, these studies provide limited evidence for an association between pesticide exposure in childhood and ASD. One study was prospective but the authors warned the results should be interpreted with caution, and the other two studies were limited by either a small sample size of ASD children 36 or because the study was based on a computer model. 37 Therefore, the evidence linking pesticide exposure in ASD does not appear as strong during childhood as during the gestational period particularly because there are fewer studies examining this factor during childhood; therefore, additional studies are warranted.
Toxic waste sites. Two studies retrospectively examined an association between ASD prevalence and the residential distance to US Environmental Protection Agency Superfund sites with both reporting an association with ASD. The first study was a case series of 495 children with ASD followed in a neurology clinic at the UMDNJ-New Jersey Medical School, which reported that the prevalence of ASD in child-specific zip codes of New Jersey was significantly associated with the density of toxic landfill sites within that zip code (P = 0.019). These investigators also demonstrated that the estimated prevalence of ASD in each state (excluding Oregon) significantly correlated with the number of Superfund sites in that state (P = 0.015). 38 A cross-sectional ecological study analyzed the prevalence of ASD in 334 school districts in Minnesota (obtained from the Minnesota Department of Education for the 2007-2008 school year). School districts with higher rates of ASD were significantly more likely to be located within a 20-mile radius of a Superfund site (P = 0.0001) compared with those farther away. 39 These studies are limited by a crosssectional design that prevents firm conclusions on causation, but provide evidence for an association between ASD and toxic waste sites; further studies are warranted to examine this in more detail.
Air pollution. Three retrospective case-control studies examined the effects of air pollution in children with ASD compared with controls with each reporting an association with ASD. The first study of 284 children with ASD and 657 partially matched TD children of similar age found that regions in the San Francisco Bay area with the highest quartile compared with the lowest quartile of atmospheric mercury concentration, as estimated using data from the US Environmental Protection Agency, demonstrated a significantly higher ASD prevalence (OR = 1.92; 95% CI, 1.36-2.71). Prevalent cases of ASD were identified by data from the California autism surveillance system~2 years after the child's birth. The prevalence of ASD was also significantly associated with the highest versus lowest quartile of atmospheric concentrations for cadmium (OR = 1.54; 95% CI, 1.08-2.20), nickel (OR = 1.46; 95% CI, 1.04-2.06), trichloroethylene (OR = 1.47; 95% CI, 1.03-2.08), vinyl chloride (OR = 1.75; 95% CI, 1.25-2.43) and diesel particulate matter (OR = 1.44; 95% CI, 1.03-2.02). 40 As previously discussed, the second study was population based and contained 279 children with ASD and 245 controls and reported that residences with the highest quartile of traffic-related air pollution were associated with ASD during the first year of life (OR = 3.1; 95% CI, 1.76-5.57), including estimated exposures to PM 2.5 (OR = 2.12; 95% CI, 1.45-3.10), PM 10 (OR = 2.14; 95% CI, 1.46-3.12) and nitrogen dioxide (OR = 2.06; 95% CI, 1.37-3.09). 30 Finally, a populationbased study of 49 073 children from Taiwan reported that exposure to air pollution in the preceding 1-4 years was associated with an increased risk of ASD, including a 59% higher risk per 10 p.p.b. increase in ozone (95% CI, 1.42-1.78), 37% higher risk per 100 p.p.b. increase in carbon monoxide (95% CI, 1.31-1.44), 343% higher risk per 10 p.p.b. increase in nitrogen dioxide (95% CI, 3.33-5.90) and a 18% higher risk per 1 p.p.b. increase in sulfur dioxide (95% CI, 1.09-1.28). 41 Notably, the first two studies were relatively large, ranging from 279 to 284 children with ASD, whereas the last study was extremely large at over 49 thousand children. Collectively, these studies furnish stronger evidence that air pollution is associated with ASD risk, especially when viewed in light of the gestational data previously reviewed associating ASD with air pollution.
Water pollutants. Two ecological studies examined the effects of water pollutants in children with ASD with neither reporting an association with ASD. The first study reported that the prevalence of ASD during 1996-2000 in Nevada was not significantly related to perchlorate levels in the drinking water during 1997-2001. 42 In the second study from 2000, the Agency for Toxic Substances and Disease Registry examined autism prevalence and the presence of water chlorination byproducts (specifically chloroform, bromoform and tetrachloroethylene) in the Brick Township, New Jersey and determined that it was not likely these chemicals contributed to the prevalence of ASD based on correlations between the concentration of estimated exposure and/or the timing of exposure. 43 These studies are limited by a cross-sectional design that prevents firm conclusions on causation, but they do not provide evidence for an association between ASD and water pollutants.
Heavy metals. Eight ecological studies examined potential associations between estimated heavy metal exposures in the environment and ASD prevalence with all eight reporting some type of an association. In the first study from 2006, the amount of mercury released into the environment in 254 counties in Texas, as estimated using data from the US Environmental Protection Agency Toxic Release Inventory from 1998, was compared with the prevalence of autistic disorder for 2002, as obtained from the Texas Education Agency. An increased relative risk of 1.614 (95% CI, 1.487-1.752) in autistic disorder prevalence was calculated for every 1000 pounds of mercury released. 44 Two other studies reanalyzed data from this latter study and/or examined similar data from the same Texas counties. One study corrected for a potential overprediction of autism risk owing to the possibility that counties with low autistic disorder numerical counts might delay the release of these results. However, the adjusted analysis using a Bayesian approach nonetheless showed a significant relative risk of 1.42 (95% CI, 1.09-1.78). 45 The second study demonstrated that the results of the study by Palmer et al. 44 could not be replicated using estimated environmental mercury exposure data from different years and derived from different databases for the same Texas counties, or when the diagnostic data 5 years following the exposure data was considered (for example, assuming gestational or early life exposure). However, a significant association was observed for nickel air emission data and autism (relative risk = 1.71; 95% CI, 1.12-2.60), which was a novel finding compared with the study by Palmer et al. 44 The investigators suggested that either the relationship between autism and mercury emissions as reported by Palmer et al. 44 was inconsistent or that the reported association was spurious. 46 Another ecological study in Texas reported that the residential distances to industrial or power plant (P o 0.05 for both) sources of mercury (estimated from the US Environmental Protection Agency Toxic Release Inventory) were independently correlated with autistic disorder prevalence such that prevalence increased exponentially with increasing proximity to mercury sources. 47 In another study from Texas and California, the prevalence of autism was significantly greater (P = 0.01 for Texas; P = 0.04 for California) in geographical areas that had the highest concentrations of ambient mercury. In addition, a significant correlation was observed between the mercury concentration in ambient air and the autism prevalence by state. 48 ASD prevalence was significantly correlated with mercury and lead environmental atmospheric concentrations in another study using Combinatorial Fusion Analysis and Association Rule Mining. 49 The prevalence of ASD for 59 parishes in Louisiana, as obtained from the Louisiana Department of Education, significantly correlated (P o 0.001) with the mercury concentrations of 7652 fish samples measured throughout the state by the Louisiana Department of Environmental Quality in another study. 50 Finally, the eighth ecological study reported that fish advisories related to mercury were significantly correlated with autism prevalence for all 50 states (r = 0.48, P o0.001). 51 Collectively, these eight ecological studies are limited by a cross-sectional design that prevents firm conclusions on causation, but they provide evidence for an association between ASD and heavy metal exposures in the environment.
Two other studies reported a potential association between estimated heavy metal exposures and ASD. The first was a case report that described the development of autistic features in an 11-month old child~4 weeks after exposure to mercury from a broken thermometer in the home. 52 The second was a retrospective case-control study of 256 mothers of children with ASD and 752 control mothers, which reported a higher prevalence of maternally reported childhood lead exposure (8.6% compared with 2.4%, P o 0.001) in the children with ASD; however, only two cases of lead exposure could be confirmed with chart abstraction data. 53 These two studies are limited by small sample sizes of the participants (case report) or the number of confirmed exposures (two cases) and thus do not add significant support for an association between heavy metals and ASD.
In-house flooring material. One cohort study examined ASD risk and retrospectively estimated environmental toxicant exposures in children. This Swedish study administered two questionnaires to parents of 4779 children living in one Swedish county. The first questionnaire (in 2000) assessed exposures to certain environmental factors when the children were between 1 and 6 years of age. The second questionnaire (in 2005) identified children who had developed ASD over the 5-year interval. This study reported that polyvinyl chloride flooring material (a source of airborne phthalates), in comparison with wood flooring, located in the parent's room (OR = 2.51; 95% CI, 1.38-4.57) or the child's room (OR = 1.96; 95% CI, 1.07-3.61) was associated with an increased risk of ASD. 54 
Summary
Only three studies examined estimated preconceptional exposures to toxicants in parents, with each reporting a positive association with ASD in offspring; however, all of these studies were retrospective. A total of 16 studies inspected estimated gestational exposures to toxicants and ASD with all but one (94%) reporting a positive association. The toxicant exposures during gestation most commonly associated with ASD included pesticides, solvents, PCBs and air pollutants. Three of the four studies examining estimated pesticide exposures during gestation were prospective, whereas the remainder of the studies examining toxicant exposures during gestation were retrospective, except for two that examined endocrine disruptors 19 and methylmercury. 21 Twenty-one studies examined estimated childhood exposures to toxicants and ASD with 19 (90%) reporting a positive association. The toxicants most implicated included pesticides, toxic waste sites, phthalates, air pollutants and heavy metals. The only prospective study of these 21 examined pesticides. 18 Three studies spanned two developmental time periods. 18, 24, 30 Collectively, 37 unique studies examined estimated exposures to environmental toxicants in relation to ASD, with 34 (92%) reporting some type of an association. The three studies that reported no significant association between ASD and toxicants were concerning water pollutants 42, 43 and methylmercury. 21 Most of the reviewed studies were retrospective case-control studies or prospective cohort studies, although a few had weaker study designs (for example, case reports or series). The toxicants that appeared to have the strongest association with ASD were pesticides and air pollutants.
Out of the 37 studies, only 5 (14%) studies were prospective. All 5 of these studies were strengthened by the fact that they also measured biomarkers estimating actual toxicant exposures. [17] [18] [19] [20] [21] Fourteen of the studies (39%) suggested evidence of a dose-effect relationship-that is, ASD risk was associated with higher estimated toxicant exposure levels as gauged by measuring biomarkers, [17] [18] [19] [20] a closer proximity to estimated toxicant exposures 25, 27, 30, 38, 39, 47, 48 or questionnaires. 24, 33, 34 One study reported that a genetic variant in MET was associated with a greater risk of ASD in children exposed to higher levels of air pollutants, suggesting that genetic factors may have a role in increasing susceptibility to toxicants in some ASD children.
Most of the studies suffered from limitations. Many of the studies (32/37, 87%) were retrospective and none of these retrospective studies measured biomarkers to estimate toxicant exposures. Some studies relied on parental recall or questionnaires/surveys. Most studies lacked objective confirmation of ASD cases and/or did not measure toxicant exposures on an individual level. Some studies used estimates of ASD prevalence instead of measuring actual prevalence. Many of the studies only examined a select set of toxicants and did not control for other potential toxicant classes. Some of the studies had inadequate matching of cases and controls. Despite these limitations, the majority of the reviewed studies implicated multiple toxicants in ASD risk. Additional studies are warranted to confirm and clarify these findings and to better control for these limitations.
Studies of toxicant biomarkers and ASD
Although the previous section reviewed estimated exposures to toxicants in the environment and ASD risk, this section reviews studies investigating biomarkers of toxicants. These biomarkers were obtained from blood, urine, hair, brain or teeth of children with ASD. Biomarkers can be helpful to gauge acute toxicant exposures as well as the bioaccumulation of toxicants. However, because concentrations of blood and urinary biomarkers for various toxicants are affected by multiple factors, they may serve to indicate the presence rather than the precise quantity of stored compounds within the body and may also act, to some degree, as a quantitative indicator of recent or ongoing exposure. Primarily, biomarkers for heavy metals, solvents, pesticides, PCBs, phthalates and polybrominated diphenyl ethers have been studied in relation to ASD. These studies are reviewed below and are categorized by toxicant type and by the category of tissue/body fluid. For measurements of heavy metals in the blood, studies used measurements in whole blood, plasma, serum or red blood cells (RBC); however, not all studies noted which type of blood sample was used. Limitations of the reviewed studies and the need for further research are also listed.
Heavy metals A significant amount of research has concentrated on heavy metal toxicants in relation to ASD. A number of studies have examined specific heavy metals, particularly mercury, lead cadmium, aluminum and arsenic, whereas other studies have attempted to estimate the body burden of heavy metals. Table 1 lists the 40 case-control studies reporting measurements of blood, hair, brain, teeth and/or urinary heavy metals in children with ASD compared with control children.
Mercury-related biomarkers. Mercury was examined in 29 casecontrol studies of ASD and TD children (Table 1) , with 12 studies (41%) reporting at least one elevation. Of these 12 latter studies, only 3 (25%) were performed in the United States. Concerning the 17 studies reporting similar or lower mercury levels in the ASD group compared with controls, 13 (76%) were performed in the United States.
Blood: The first case-control study to examine blood mercury levels in ASD compared mean whole blood and hair mercury concentrations in 82 children with ASD aged 4-11 years from Hong Kong and 55 age-matched TD children who had similar estimated environmental mercury exposures (determined by parental questionnaire). This study originally reported no significant differences between groups (P = 0.15 for whole blood; P = 0.79 for hair). 55 However, a reanalysis of this study was performed after other investigators noted typographical and statistical errors in the published analytical data. After correcting these errors, this reanalysis reported that the mean whole-blood mercury concentration in the ASD group was significantly higher than in the control group (P = 0.017). 56 Another retrospective case-control study reported that the mean RBC mercury level was 1.9-fold higher (Po 0.0001) in 83 children with ASD (mean age 7.3 years, s.d. 3.7) compared with 89 unmatched control children (mean age 11.4 years, s.d. 2.2). 57 These two studies are limited by relatively small sample sizes and have not been replicated by other studies (reviewed in next paragraph).
In contrast, five case-control studies totaling 502 children with ASD and 346 TD children reported no significant difference in mean whole blood [58] [59] [60] [61] [62] or RBC 59 mercury levels between the two groups, although one of these studies (reviewed below) reported differing regulated genes with increasing blood mercury levels in the ASD group compared with controls, 61 and another study reported that both whole blood and RBC mercury were related to standardized questionnaires of ASD severity. 59 Collectively, these five studies have a larger sample size compared with the two previous studies (that reported a higher blood mercury level in the ASD group compared with controls) and therefore could carry more weight. However, it is clear that not every study measured mercury from the same type of blood sample and the fact that one study found a relationship between autism severity and mercury levels, despite not finding a significant group difference, 59 suggests that characteristics of the sample population (that is, less versus more severe autism) could skew the mean difference between groups. Therefore, further studies are needed to clarify whether a relationship exists between blood mercury and autism.
Urine: One case-control study from Egypt reported a significantly higher mean urinary mercury level in 25 children with ASD aged 3-9 years of age compared with 25 age-and gendermatched controls; hair mercury levels were similar. 63 Another case-control study reported similar urinary mercury levels between 56 ASD children and several unmatched control groups including 42 siblings of ASD children, 121 children without ASD in a mainstream school and 34 children in a special educational school. 64 These two studies are limited by smaller sample sizes and the lack of replication between the two studies.
A higher urinary excretion of mercury after administration of oral dimercaptosuccinic acid (DMSA) was reported in one retrospective study of 221 children with ASD compared with 18 unmatched controls without ASD who were referred to a clinic for evaluation of possible mercury exposure. 65 A smaller case-control study found similar urinary mercury concentrations after DMSA administration between 15 ASD children and 4 TD controls. 66 Finally, in an uncontrolled study of 44 children with ASD from Egypt, the administration of oral DMSA led to a significantly increased urinary excretion of mercury, lead and cadmium as well as improvements in autistic behavior as measured by the Childhood Autism Rating Scale (CARS). 67 Collectively, two of these three studies reported increased urinary excretion of heavy metals after administration of a chelator 65, 67 which suggests a higher metal burden in the children with ASD. 68 However, these studies suffered from limitations as there was no placebo control and the status of the patient was not blinded to the treating physician. Therefore, further studies are warranted to investigate these findings in more detail.
Hair: Six case-control studies (all performed outside the United States) reported a higher mean hair mercury concentration in children with ASD compared with TD children; these studies were performed in Kuwait on 40 children with ASD and 40 age-and gender-matched controls; 69 in Saudi Arabia on 77 children with ASD (although attention deficit disorder was considered an ASD in eight subjects) and 80 age-and gender-matched controls; 70 in Egypt on 32, 2-13-year old, children with ASD and 15 age-and gender-matched controls; 71 in Egypt on 32 children with ASD and 32 age-and gender-matched controls; 72 in India on 45 children with ASD aged 4-12 and 50 age-and gender-matched controls; 73 and in Saudi Arabia on 44 children with ASD aged 3-9 years and 146 age-matched controls. 74 Besides these six studies, an additional case-control study of 91 children with ASD and 75 age-and sex-matched TD controls from Poland reported an unusual relationship between hair mercury concentrations and age: the mean hair mercury level was significantly lower in younger children with ASD (ages 3-4 years) compared with the respective age-matched control group, but significantly higher in older children with ASD (ages 7-9 years) compared with the respective age-matched control group. 75 Finally, one recent uncontrolled study from Japan reported that 56 out of 1967 ASD children (2.8%) had an elevated level of scalp hair mercury compared with a normative reference range. 76 Collectively, these studies support an association between ASD and elevated levels of heavy metals in hair samples; however, because all of these studies occurred outside of the United States, these findings might have limited applicability in the United States. These studies are also limited by relatively small sample sizes.
In contrast, a number of other case-control studies were unable to find a significant association between hair mercury and ASD. Nine studies reported similar mean concentrations of hair mercury in a total of 369 children with ASD compared with 315 TD children; 55, 58, 63, [77] [78] [79] [80] [81] [82] in one of these studies, urinary and blood mercury levels were also similar. 58 As previously mentioned, two of these latter studies reported higher mercury in the blood 55, 56 or urine 63 in the ASD group. In addition, two other studies reported a lower mean hair mercury level in a total of 120 children with ASD compared with 84 TD controls. 83, 84 A recent metaanalysis of seven studies reported a similar mean hair mercury level in a total of 343 ASD children and 317 TD children. 81 These studies provide additional evidence that hair mercury levels are not associated with ASD, at least in the United States, especially since all but three of the studies 55, 58, 63 occurred in the United States.
Three studies reported an intriguing relationship between ASD severity and hair mercury concentrations. The first study reported that a lower mean hair mercury in children with ASD was associated with more severe language impairments. 84 Another study of 78 children with ASD and 31 control children reported that, compared with children who had higher hair mercury levels, children with lower levels of hair mercury were 2.5-fold more likely to have ASD. 77 Finally, one case-control study reported a significantly lower mean hair mercury level in children with ASD at 3-4 years of age but a significantly higher mean mercury level in other children with ASD at 7-9 years of age compared with their respective age-matched controls. 75 Collectively, these investigators suggested that these findings are evidence of impaired mercury excretion in younger children with ASD as less hair mercury (believed to be a marker of excretion) was associated with a higher ASD severity or risk of ASD. 75, 77, 84 However, it should be noted that, in the normal population, the relationship between estimated total mercury burden and hair levels of mercury is variable and may be linked to polymorphisms in detoxification ↑, significantly higher in ASD compared with controls;
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Environmental toxicants and ASD genes. 85 Further studies are needed to clarify these complicated findings.
Teeth: One case-control study of 15 children with ASD and 11 TD children found a 2.1-fold higher concentration of mercury (P o 0.05) in deciduous teeth in the ASD group but similar lead and zinc concentrations. 86 Notably, the measurement of heavy metal concentrations in deciduous teeth may be a biomarker of cumulative exposures during gestation. 87 However, another case--control study reported similar mercury concentrations in the deciduous teeth of 22 children with ASD compared with 20 children with disruptive behavior and 42 TD children matched on the child's gender and race, and parents' education and marital status. 88 These two studies are limited by small sample sizes and the lack of replication between the two studies.
Brain: One post-mortem case-control study compared six ASD individuals with nine TD individuals and reported a nonsignificant elevation (68%) in cerebellar mercury concentration in the ASD group. However, cerebellar 3-nitrotyrosine (a putative biomarker of oxidative stress) was found to be significantly elevated in the ASD group (P = 0.045) and was significantly correlated with mercury concentrations (r = 0.796, P = 0.0001). The investigators suggested that the tissue mercury burden could partially contribute to the increased oxidative stress observed in the cerebellum of the ASD subjects. 89 This study is limited by a small sample size and the lack of replication by other studies; further studies examining toxicants in brain tissue of individuals with ASD are warranted.
Genetics: One case series examined the prevalence of ASD in 1380 grandchildren of 522 patients who had a history of infantile acrodynia (Pink disease) and reported that the prevalence of ASD in the grandchildren was 1 in 22 (incidence ratio = 7.02; 95% CI, 4.28-10. 84 ), suggesting that mercury sensitivity might be a heritable risk factor for ASD. 90 Another study reported that children with ASD might have genetic differences in the ability to metabolize mercury. In this case-control study, significant differences in the relationship between the expression of 189 genes and mercury levels were found in 33 boys with ASD compared with 51 TD boys matched on age, despite no significant difference in mean blood mercury levels, suggesting that children with ASD might metabolize mercury differently than TD children. 61 On the basis of these studies, additional studies are warranted to determine whether children with ASD have genetic differences in the ability to metabolize toxicants compared with TD children.
Lead-related biomarkers. Lead was examined in 25 case-control studies of ASD and TD children (Table 1) , with 11 studies (44%) reporting at least one elevation. Of these 11 latter studies, 2 (18%) were performed in the United States. Concerning the 14 studies reporting similar or lower lead levels in the ASD group, 10 (71%) were performed in the United States.
Blood: Seven case reports/series described lead toxicity in individuals with ASD as measured by an elevated blood lead level; [91] [92] [93] [94] [95] [96] [97] one study used whole-blood samples 94 while the remaining studies presumably measured whole-blood lead but did not specifically note this. In addition, a retrospective, uncontrolled case series from 1980 reported that 15 out of 77 children with ASD (19%) had a blood lead concentration (not noted whether the sample was whole blood, plasma, serum or RBC) above 35 μg dl − 1 and that the blood lead concentration was inversely correlated with intellectual functioning. 98 Finally, a case series from Canada found that none of 48 ASD children selected from a convenience sample had a lead level (not noted whether the sample was whole blood, plasma, serum or RBC) above 0.48 μmol l − 1 (the Centers for Disease Control and Prevention (CDC) threshold for intervention); however, nine children (19%) with a level above 0.1 μmol l − 1 exhibited significantly more pica or oralrelated behaviors. 99 These studies are limited by small sample sizes (some are case reports), the retrospective nature and the lack of a control group. Two of these studies reported that the presentation of lead toxicity can appear unusual in individuals with ASD: one case report described a 4-year old autistic boy who had a flu-like syndrome with an elevated blood lead level of 216 μg dl − 1 , 96 and another case report depicted an individual with ASD who developed weight loss, abdominal pain, diarrhea and vomiting who had a blood lead level of 147 μg dl − 1 . 94 Eight case-control studies compared blood lead concentrations in ASD individuals compared with controls, with four studies reporting a higher mean blood lead concentration in the ASD group. In the first study published in 1976, the whole-blood lead concentration was significantly higher in 18 children with autism compared with 16 unmatched non-autistic psychotic 'atypical' children and 10 TD siblings despite the fact that none of the children had any known episodes of acute lead exposure. In 11 of the 18 children with autism (61%), blood lead concentrations were more than two s.d. above the mean for the sibling group. 100 The second study of 55 children with ASD and 44 TD children reported significantly higher mean urinary and RBC lead levels (but not whole-blood lead) in the ASD group. 59 The third study from Saudi Arabia reported a significantly higher mean RBC lead concentration (2.6-fold higher) in 14 ASD children compared with 12 agematched controls. In the ASD group, the blood lead concentration significantly correlated with markers of mitochondrial dysfunction (P = 0.028) and oxidative stress (P = 0.045). 101 Finally, the last case-control study, also from Saudi Arabia, reported a significantly higher RBC lead concentration in 25 children with ASD compared with 16 age-matched controls. 102 These studies are limited by relatively small sample sizes.
However, four case-control studies did not confirm a higher blood lead concentration in the ASD group. In a study from 1982, no significant difference in the mean blood lead concentration (not noted whether sample was whole blood, plasma, serum or RBC) was found in 33 ASD children, 34 control children with Tourette syndrome and 16 TD children (all children were enrolled in the same school), although a lead concentration above 26 μg dl − 1 was found in 14% of the ASD group but none of the TD group. 103 Another case-control study reported a similar mean whole-blood lead concentration in 37 ASD children compared with 15 TD children of similar age. 104 Similar whole-blood levels were found in one study of 17 children with ASD and 20 TD controls, 58 and similar plasma levels were reported in another study of 28 children with autistic disorder and 32 TD controls. 105 Similar to the previous four studies, these studies are also limited by smaller sample sizes and also by the fact that not every study measured lead from the same type of blood sample; therefore, larger case-control studies are warranted.
One study from a lead treatment program in Boston suggested that children with ASD might be more easily exposed to lead compared with non-ASD children. This study used a retrospective chart review to identify 17 ASD children treated for lead poisoning and compared them with 30 randomly selected non-ASD children with lead poisoning. Notably, the children with ASD were significantly older at the diagnosis of lead toxicity (46 versus 30 months of age, P = 0.03) had elevated blood lead concentrations for a longer period of time during treatment with a chelator (39 versus 14 months, P = 0.013) and were more likely to be reexposed to lead during the study period (75 versus 23% reexposed, P = 0.001) despite close monitoring, environmental inspections and adequate lead cleanup procedures or alternative housing. 95 Urine: A significantly higher mean urinary lead level was found in one study of 25 children with ASD compared with 25 controls from Saudi Arabia. 63 However, a lower mean urinary lead concentration was reported in 30 ASD children compared with 20 controls in another study from Turkey. 106 Finally, a similar urinary lead level was reported in a study from Italy of 17 children with autism and 20 controls. 58 These three urinary studies are limited by small sample sizes and the lack of replication between studies.
Hair: Studies examining hair lead concentrations in children with ASD have demonstrated mixed results. Seven case-control studies performed in Kuwait, 69 Saudi Arabia, 63, 70, 74 Egypt, 72 Oman, 107 and India 73 have reported a higher mean hair lead concentration in a total of 290 children with ASD compared with 400 TD children. In two of these studies, higher hair and nail lead levels were significantly correlated with more severe ASD symptoms as measured by CARS, 73 and higher hair lead levels were significantly and negatively correlated with Intelligence Quotient (IQ) in the ASD group. 72 One recent uncontrolled study from Japan reported that 94 out of 1967 ASD children (4.8%) had an elevated level of scalp hair lead compared with a normative reference range. 76 Similar to the hair mercury studies, these hair lead studies are limited by relatively small sample sizes, and as all of them took place outside the United States, their findings may be limited in applicability in the United States.
In contrast, seven case-control studies examining hair lead concentrations in a total of 209 children with ASD reported similar concentrations compared with 231 TD children; 58, 78, 79, 81, 83, 108, 109 as previously mentioned, one of these studies reported similar urinary levels. 58 In addition, one study reported a lower mean concentration of hair lead in 45 children with ASD compared with 45 TD controls. 82 Notably, a recent meta-analysis of five studies 81 reported a significantly higher mean hair lead concentration in 167 children with ASD compared with 217 controls (P = 0.021); however, these findings were driven predominantly by the results from one study. These studies were limited by smaller sample sizes, but provide further evidence that hair lead is not associated with ASD, at least in the United States, as all but one of these studies 58 occurred in the United States.
Teeth: Similar lead concentrations were reported in deciduous teeth between a total of 37 children with ASD and 73 TD controls in two studies. 86, 88 These two studies were limited by small sample sizes, but did replicate each other. Genetics: One case-control study reported that children with ASD might have genetic differences in the ability to metabolize lead. In this study, significant differences in the relationship between the expression of 162 genes and lead levels were found in 37 children with ASD compared with 15 TD children matched on age, despite no significant difference in mean blood lead levels, suggesting that children with ASD might metabolize lead differently than TD children. 104 This study was limited by small sample sizes and therefore additional studies are needed to investigate potential genetic differences in the ability to metabolize lead in individuals with ASD.
Cadmium. Cadmium was examined in 14 case-control studies of ASD and TD children (Table 1) , with five studies (36%) reporting at least one elevation. Of these latter five studies, none were performed in the United States. Concerning the nine studies reporting similar or lower cadmium levels in the ASD group, five (56%) were performed in the United States.
Blood: Only two studies examined blood cadmium levels. One study reported a significantly higher plasma cadmium level in 28 children with autistic disorder compared with 32 TD children. 105 The other study reported a significantly lower mean whole blood cadmium level in 55 children with ASD compared with 44 TD controls. 59 These two studies are limited by small sample sizes and the lack of replication between studies.
Urine: Three studies reported similar urinary cadmium levels in a total of 97 children with ASD and 89 TD controls, 58, 59, 63 whereas another study reported a lower mean urinary cadmium concentration in 30 children with ASD compared with 20 controls. 106 These studies are also limited by small sample sizes but do report similar findings.
Hair: Five studies reported similar hair cadmium levels in a total of 164 children with ASD compared with 183 TD controls. 58, 69, 78, 79, 81 Two studies reported a lower mean hair cadmium level in a total of 57 children with ASD and 57 TD controls. 82, 109 Only four studies reported a higher hair cadmium hair level in a total of 173 children with ASD compared with 278 TD children. 63, 70, 74, 107 One recent uncontrolled study from Japan reported that 168 out of 1967 ASD children (8.5%) had an elevated level of scalp hair cadmium compared with a normative reference range. 76 A recent meta-analysis of four studies totaling 152 children with ASD and 167 TD controls found no significant association between hair cadmium concentrations and ASD. 81 Similar to the studies on hair mercury and lead, these studies are limited by small samples sizes, lack of replication between studies and by whether or not these findings are applicable in the United States.
Aluminum. Eleven case-control studies examined aluminum levels in ASD (Table 1) , with three (27%) reporting at least one elevation. Of these three latter studies, none were performed in the United States. Concerning the eight studies reporting similar or lower aluminum in the ASD group, three (38%) were performed in the United States.
Blood: Two studies totaling 45 children with ASD and 52 TD children reported similar whole blood 58 or plasma aluminum levels 105 between the two groups. These studies are limited by small sample sizes and by measurements taken from different types of blood samples, but do replicate each other. Urine: One study reported higher urinary aluminum in 25 children with ASD compared with 25 controls, 63 wherease two studies reported similar urinary aluminum in 72 children with ASD compared with 64 TD controls. 58, 59 These studies are also limited by small sample sizes and the lack of replication between studies.
Hair: Six studies totaling 250 children with ASD and 263 controls reported similar hair aluminum levels. 58, 63, 69, 70, 81, 108 Another study reported lower hair aluminum in 51 children with ASD compared with 40 controls, 78 whereas two studies reported a higher mean hair aluminum level in a total of 71 ASD children compared with 173 controls. 74, 107 Finally, one recent uncontrolled study from Japan reported that 339 out of 1967 ASD children (17.2%) had an elevated level of scalp hair aluminum compared with a normative reference range. 76 Similar to the previous hair studies on other heavy metals, these studies are limited by small sample sizes and might not be applicable in the United States, as many took place outside the United States.
Other heavy metals. Fourteen case-control studies examined other heavy metals, with eight studies (57%) reporting at least one elevation ( Table 1) .
Environmental toxicants and ASD
Arsenic: Eight case-control studies examined arsenic levels in ASD children, with five studies (63%) reporting at least one elevation. Four studies reported a higher mean hair arsenic level in a total of 172 children with ASD compared with 290 TD controls, 63, 70, 74, 83 whereas one study reported lower hair arsenic in 45 ASD children compared with 45 TD controls. 82 One study of 55 children with ASD and 44 TD controls reported similar whole blood, RBC and urinary arsenic levels. 59 Another study from Jamaica reported significantly lower whole-blood arsenic in 65 children with ASD compared with 65 age-and sex-matched controls, with ASD status not significantly linked to blood arsenic concentration. 110 A significantly higher mean plasma arsenic level in 28 children with autistic disorder compared with 32 TD children was reported in another study from Italy. 105 Finally, one recent uncontrolled study from Japan reported that 52 out of 1967 ASD children (2.6%) had an elevated concentration of scalp hair arsenic compared with a normative reference range. 76 These studies on arsenic are limited by relatively small sample sizes and the lack of replication between studies.
Nickel: Two studies reported a higher hair nickel in a total of 71 children with ASD compared with 173 TD controls. 74, 107 Another study of 55 children with ASD and 44 TD controls reported similar urinary nickel levels. 59 These nickel studies are limited by small sample sizes and the lack of replication between studies. Uranium: One study reported elevated hair uranium in 40 children with ASD compared with 40 TD controls. 69 Another study of 55 children with ASD and 44 TD controls reported similar urinary uranium levels. 59 The two studies are also limited by small sample sizes and the lack of replication between studies. Tin: One study reported a significantly higher mean urinary tin in 55 children with ASD compared with 44 TD controls. 59 Biomarkers of heavy metals and ASD severity. Seven studies reported a possible relationship between autism severity and biomarkers of heavy metals. One uncontrolled treatment study reported that the severity of autism was significantly associated with the toxic metal body burden as estimated by the excretion of heavy metals into the urine after the administration of oral DMSA in 63 children with ASD. 111 Another study of 55 children with autism and 44 controls reported that the whole blood and RBC levels of toxic metals significantly correlated with autism severity. 59 As previously discussed, two other studies reported that higher scores on the CARS (indicating more severe autism symptoms) were significantly related to higher hair and nail mercury and lead levels 73 and higher hair mercury concentration. 72 One study reported that higher hair lead levels were significantly correlated with lower IQ. 72 Higher blood lead concentrations were correlated with lower intellectual functioning in children with ASD in another study. 98 One study reported that higher hair levels of lead were correlated with verbal communication problems and more ASD symptoms as measured by CARS, and that higher mercury levels were correlated with greater problems in object use and auditory response. 74 Finally, an uncontrolled study of 18 children found that elevated hair mercury levels correlated with higher ASD severity as measured by CARS. 112 Collectively, these studies report a possible relationship between autism severity and heavy metal biomarkers, suggesting evidence of a dose-effect relationship. These studies also demonstrate the limitations of simply examining group differences as at least one study found a relationship between autism severity and mercury levels despite not finding a significant group difference, 59 suggesting that characteristics of the sample population (that is, less versus more severe autism) could skew the mean difference between groups when autism severity is not taken into account.
Twelve studies reported improvements in biomarkers of toxicants 113, 114 or in clinical symptoms 67, 91, 92, 100, [115] [116] [117] [118] [119] [120] in children with ASD using treatments incorporating detoxification methods. No significant adverse effects were reported in these studies. However, none of these studies contained a control group or were placebo controlled. Additional studies examining detoxification methods in children with ASD are warranted to confirm the effects of these treatments. 121 Urinary porphyrin studies. A number of studies have reported that urinary porphyrin concentrations may be biomarkers of estimated heavy metal exposure or burden in children with ASD. Porphyrins are molecular precursors of heme; heavy metals inhibit enzymes in the heme porphyrin pathway and result in specific porphyrin excretion patterns in the urine. 122 For example, mercury exposure has been reported to cause an increase in the urinary excretion of precoproporphyrin, coproporphyrin, and pentacarboxyporphyrin. 122, 123 In animal studies, urinary porphyrin concentrations have been found to significantly correlate (r~0.9) with the renal content and body burden of mercury. 124 In addition, in the context of occupational mercury exposure, urinary porphyrin concentrations have been correlated with neurobehavioral deficits. 125 Four uncontrolled case series [126] [127] [128] [129] and seven case-control studies 114, [130] [131] [132] [133] [134] [135] have reported abnormal urinary porphyrin concentrations in children with ASD. One study reported that urinary porphyrin levels were strong predictors of ASD. 132 Five studies reported that higher urinary porphyrin levels were correlated with more severe ASD symptoms. 114, [127] [128] [129] [130] Two studies reported that porphyrin levels significantly correlated with either plasma oxidized glutathione (GSH) concentrations 127 or other oxidative stress markers in children with ASD. 135 Two studies reported that porphyrin levels demonstrated significant reductions following treatment with 2,3-dimercaptopropane-1-sulfonate or DMSA. 114, 131 Most of the investigators in these studies suggested that the urinary porphyrin abnormalities were markers of increased heavy metal burden in children with ASD. However, in one study, porphyrin levels were not significantly correlated with urinary mercury levels or estimates of previous mercury exposure in children with ASD. 134 Collectively, these studies observed higher mean urinary porphyrin concentrations in children with ASD compared with controls with a significant correlation in some studies between the degree of porphyrin elevation and ASD severity or physiological abnormalities. Therefore, these studies suggest that the processes that change porphyrin excretion may be associated with processes related to underlying ASD pathophysiology, and that the specific changes in the urinary porphyrin excretion patterns observed could be biomarkers of such processes. Although porphyrin concentrations may be related to heavy metal body burden, 124 other physiological processes such as oxidative stress or mitochondrial dysfunction might also contribute to changes in porphyrin excretion. 136 Additional controlled studies investigating urinary porphyrin levels in comparison with heavy metal exposures and other biomarkers are warranted to assess whether or not these findings are accurate reflections of increased heavy metal burden in individuals with ASD.
Solvents, pesticides and PCBs One case series of 18 children with autism reported blood concentrations of solvents that were above the upper limit of normal values established for adults in 16 of the children (89%), including triethylbenzene (44%), xylene (39%), trimethylbenzene (33%), ethylbenzene (33%), 2-methylpentane (33%) and 3-methylpentane (33%). 137 A second case series measured blood concentrations of organochlorine pesticides, PCBs and solvents in 38 children with autism and reported levels above the upper limit of normal values established for adults in 34 of the children (89%), including 3-methylpentane (61%), n-hexane (45%), toluene (34%), 2-methylpentane (34%), tetrachloroethylene (26%), mirex (16%) and trimethylbenzene (16%). When examined by xenobiotic class, elevated concentrations of solvents were found in 33 children (87%), pesticides in 9 children (24%) and PCBs in 4 children (11%). The children were also given caffeine and acetaminophen to estimate liver detoxification capacity; abnormalities in phase II detoxification were reported, including impairments in glycine conjugation in 31% of children, GSH conjugation in 22%, sulphation in 19% and glucuronidation in 19%. The investigators hypothesized that increased exposures to xenobiotics in conjunction with altered liver detoxification might increase the risk of developing ASD. 138 These two studies were limited by the lack of a control group, the retrospective nature, the use of adult laboratory reference ranges as controls and relatively small sample sizes.
Two case-control studies measured PCB concentrations in ASD. The first study reported that 17 children with ASD and 7 healthy siblings had similar concentrations of PCBs in umbilical cord samples. 139 The second study examined post-mortem brain samples and measured 7 polybrominated diphenyl ether and 7 PCB congeners; only one congener, PCB95, was associated with a genetic form of ASD (32 children with 15q11-13 duplications/ deletions and other genetic syndromes) but this finding was not observed in 32 individuals with idiopathic ASD or 43 controls. 140 These two studies do not support a strong association between biomarkers of PCBs and ASD, although they are limited by small sample sizes.
Phthalates
One study of 48 children with ASD and 45 control children reported that urinary concentrations of two phthalates (5-OH-MEHP and 5-oxo-MEHP) were significantly increased in the ASD group compared with the control group. 141 Another study reported that 50 children with ASD had decreased glucuronidation of diethylhexyl phthalate as measured by urinary metabolites compared with 53 age-matched TD controls despite similar phthalate exposure levels. 142 Notably, glucuronidation is a significant pathway involved in the metabolism of xenobiotics and lower glucuronidation might lead to a decreased detoxification capacity for phthalates. These two studies are limited by relatively small sample sizes, but do provide some overlap of findings.
Polybrominated diphenyl ethers
One case-control study examined the effects of the xenobiotic 2,2′,4,4′-tetrabrominated biphenyl on the immune response of lipopolysaccharide-stimulated peripheral blood mononuclear cells in 19 children with ASD compared with 18 age-matched TD children, and reported that cells from the ASD group demonstrated significantly higher in vitro interleukin-1β (P = 0.033) and interleukin-8 (P o0.04) production after 2,2′,4,4′-tetrabrominated biphenyl exposure compared with controls. The investigators suggested that the ASD group had 'altered sensitivity' to 2,2′,4,4′tetrabrominated biphenyl consistent with increased immune activation. 143 This study is limited by small sample sizes and the lack of replication by other studies, and therefore additional studies are needed to investigate these findings.
Summary
Forty case-control studies compared heavy metal concentrations from various tissues/body fluids in a total of 2089 children with ASD and 1821 TD children, with 21 (53%) of these studies (totaling 1109 children with ASD and 999 TD children) reporting that heavy metal levels were similar or lower in children with ASD (Table 1) . Of these 21 studies, 15 (71%) studies took place in the United States. Of the 19 studies reporting a positive association, 6 (32%) took place inside the United States. This suggests that heavy metal exposures in children with ASD may be less common in the United Staes compared with the remainder of the world, and that more work is needed to counteract the adverse effects of toxicants in countries outside the United States.
The most studied heavy metals were mercury (29 case-control studies) and lead (25 case-control studies). The percentage of studies showing an elevated metal level in at least one tissue/ sample ranged from 27% (aluminum) to 63% (arsenic), with studies for mercury (41%), lead (44%) and other metals (57%) in between.
One study found significant associations between lead concentrations and markers of mitochondrial dysfunction and oxidative stress. 101 Seven studies correlated increased heavy metal levels with either impaired intellectual functioning or increased ASD severity/behaviors, suggesting evidence of a dose-effect relationship.
Two uncontrolled studies reported elevated levels of solvents, pesticides and PCBs compared with the upper limit of normal values established for adults. Two studies reported similar or lower PCB levels in children with ASD compared with controls. One case-control study reported higher urinary concentrations of two different phthalates in the ASD group compared with controls.
Some studies reported differences that could have a genetic basis in children with ASD compared with controls concerning the ability to metabolize toxicants. For example, two studies suggested that children with ASD appear to metabolize mercury 61 and lead 104 differently than TD children. One study found 'altered sensitivity' to 2,2′,4,4′-tetrabrominated biphenyl in children with ASD compared with controls. 143 Another study found abnormalities in phase II detoxification in an uncontrolled study of children with ASD, suggesting altered liver detoxification. 138 Finally, two studies reported evidence of impaired glucuronidation in children with ASD. 138, 142 These findings raise the possibility that some children with ASD might not metabolize toxicants as efficiently as TD children and therefore might experience adverse effects of toxicants at lower concentrations compared with TD children. Additional studies are warranted to determine whether the reported differences in the ability to metabolize lead and mercury and other toxicants contribute to more severe problems in children with ASD compared with TD children.
Most of the studies reviewed suffered from limitations that were listed with the corresponding studies. Some of these limitations included relatively small sample sizes, the lack of replication of some findings, questionable applicability of the findings to the United States (as some studies took place outside the United States) and the lack of a control group in some studies. Overall, the evidence linking biomarkers of toxicants to ASD does not appear as strong as the evidence linking estimated exposures to toxicants in the environment and ASD risk (as reviewed in the first section). This suggests that current biomarkers may be limited in their ability to identify an association between environmental toxicants and ASD; that this association is more easily identified when examining ASD as a group, rather than on an individual level; or that unaccounted for variations in genetic factors could result in different thresholds for susceptibility to certain toxicants.
Another significant issue in biomonitoring toxicant levels is that biomarkers in hair, blood and urine do not necessarily reflect retained levels within specific tissues. Toxicants are potentially mobile and their presence may be abundant in tissues with no evidence of toxicants in blood or urine testing. 144 Toxicant tissue levels within specific tissues can also be dynamic depending on various physiological determinants within the body such as caloric state, exercise, fever and so on. 145 Furthermore, even within identical tissues in different locations within the same person, toxicant levels can vary considerably. 146 Accordingly, snapshot testing of hair, urine or blood for toxicant levels are notoriously unreliable and may underestimate the toxicant burden within the body. Emerging testing methods incorporating tissue mobilization of toxicants with techniques such as caloric restriction may better reflect the level of retained toxicants. 147 Consequently, the lack of a strong association between levels of toxicant biomarkers and ASD in studies published to date may reflect limitations with toxicant biomonitoring rather than the absence of a definitive link. It is also possible that future research might identify better biomarkers of toxicants in ASD. 148 Given these findings, additional studies on biomarkers of environmental toxicants in individuals with ASD are warranted.
Gene-toxicant interactions in ASD
This section discusses studies ( Figure 2 ) that have examined SNPs in environmental response genes that are involved in the detoxification of environmental pollutants in ASD individuals ( Supplementary Table S1 ).
Paraoxonase abnormalities
Paraoxonase (PON) is an enzyme that hydrolyzes and inactivates a number of OP pesticides. Four studies have reported decreased PON1 activity in individuals with ASD or autistic symptoms. [149] [150] [151] [152] Polymorphisms in PON1 have been examined in five studies of ASD, with three studies (60%) reporting an association. One case-control study of 312 children with autism and 676 firstdegree relatives investigated three common SNPs in PON1 (C-108T, Q192R and L55M) and reported that the L55/R192 haplotype, which confers less PON1 activity in vitro, was associated with a significantly increased risk of autism in Caucasian-American families living in North America (P = 0.015) but not in Italian families living in Italy; the investigators suggested higher exposure levels to pesticides in North America accounted for this difference in risk. 153 Another study of 353 2-year-old children and their mothers reported that children with the PON1 -108T allele were more likely to be reported by their mothers as having symptoms of PDD as measured by the Child Behavior Checklist; interactions between PON1 polymorphisms and urinary DAP metabolites were not found to be significant. 149 Finally, one study of 174 patients with ASD, 175 first-degree relatives and 144 controls reported that ASD was associated with SNPs in PON1, which can alter protein amounts (rs705379: C108T) and substrate specificity (rs662: Q192R). 152 This study verified the functional significance of these SNPs by showing a significant decrease in PON1 arylesterase activity in the ASD group compared with the two control groups.
However, two studies were unable to verify an association between polymorphisms in PON1 and ASD. No significant association was found between PON1 genotype and ASD (P = 0.12) in 196 families with at least two affected family members with ASD. 154 A Romanian study of 50 children with ASD and 30 TD children found no significant differences in Q192R and L55M PON1 SNPs between the two groups, despite documenting decreased plasma PON1 arylesterase (P o 0.001) and PON (Po 0.05) activities in the ASD group compared with controls. 151 Although four studies have reported lower PON1 activity in individuals with ASD or autistic symptoms, [149] [150] [151] [152] the genetic studies reviewed above only provide mixed support for an association between genetic polymorphisms in the PON1 gene and ASD. Clearly, further studies will be needed to investigate this potential association and determine whether other factors besides genetic polymorphisms could be responsible for the changes in enzyme activity observed in the ASD group. Interestingly, one study suggested that the differences in the relationship between genetic polymorphisms and ASD diagnosis could be dependent on the level of exposure to specific toxicants, 153 demonstrating the complexity of the interactions between genetic susceptibilities, toxicant exposures and ASD risk.
Glutathione and glutathione S-transferase abnormalities Glutathione S-transferases (GST) catalyze the detoxification of heavy metals and xenobiotic compounds by catalyzing the conjugation of GSH to compounds including xenobiotics. One case-control study of 20 children with ASD demonstrated a significantly lower activity of GST compared with 20 controls. 155 Four case-controlled studies have examined GST polymorphisms in ASD individuals or their mothers that could potentially affect enzyme activity, with three (75%) reporting an association. One study of 54 ASD case-parent trios and 172 controls reported a significantly higher frequency of GSTM1-null in the ASD group (OR = 2.02; 95% CI, 1.03-4.04). 156 Another study examining the GSTM1 gene found a marginal increase in GSTM1-null frequency in 80 children with ASD compared with 73 TD children (OR = 1.37; 95% CI, 0.98-1.96). 157 Interestingly, mothers with a polymorphism in the GSTP1 gene were 2.7-fold (95% CI, 1.39-5.13) more likely to have a child with autism compared with control mothers in another study. 158 However, one study of 196 families with at least two affected family members with ASD found no significant association between the GSTP1 gene and ASD. 154 Although few, these studies support the notion that polymorphisms in the GSTM1 or GSTP1 genes could be associated with ASD. Although none of these studies provided specific verification of enzyme dysfunction associated with a specific polymorphism, polymorphisms in GST genes, particularly GSTM1, have been associated with increased susceptibility in non-ASD populations to mercury toxicity, 159, 160 ethyl mercury sensitization 161 and xenobiotic toxicity, including PCBs 162 and polycyclic aromatic hydrocarbons. 163 In addition, as polymorphisms in genes responsible for the production of GSH, the key substrate of GST, have been associated with ASD, 157, 164, 165 and deficiencies in GSH have also been associated with ASD compared with controls, 157, [166] [167] [168] examination of both functional and genetic changes in the GSH pathway in future studies may help clarify important interactions between genes, GSH metabolism and toxicant elimination in ASD.
Other genetic abnormalities
In one case-control study, a polymorphism in ALAD2, but not in coproporphyrin oxidase, was found to be more common in 450 children with ASD compared with 251 TD children (OR = 1.66; 95% CI, 1.06-2.62). Interestingly, the ALAD2 polymorphism was also associated with significantly lowered mean plasma total GSH (P = 0.007) in the ASD group. 169 Studies in non-ASD individuals have demonstrated that polymorphisms in ALAD2 are associated with increased susceptibility to lead toxicity 170 and cognitive impairments from lead exposure. 171 One case-control study of 196 families with at least two ASD children found an association between ASD and SNPs in the divalent metal ion transporter SLC11A3 and the metal regulatory transcription factor 1 (MTF1), but not in other genes involved in the detoxification of xenobiotics, including ABCC1 and SLC11A2. 154 Both SLC11A3 and MTF1 are important in heavy metal metabolism: SLC11A3 is involved in the intracellular transport of heavy metals, including iron, lead, nickel and cadmium; MTF1 is important in the activation of metallothionein after exposure to heavy metals, which may consequently help limit metal toxicity. Finally, a smaller case-control study of 24 children with ASD and 24 controls found no significant association between polymorphisms in four genes implicated in mercury transportation (MT1a, DMT1, LAT1 and MTF1) and ASD. 172 
Summary
Ten unique studies of genes involved in toxicant elimination were reviewed in this section; one of the studies examined multiple genes (PON1, GSTP1, SLC11A3 and MTF1). 154 Collectively, eight of these studies reported that children with ASD (or their mothers) were significantly more likely to have genetic variations in enzymes important in the detoxification of xenobiotics, including PON (three of five studies), GST (three of four studies), ALAD (one study), SLC11A3 (one study) and MTF (one of two studies). These findings might lead to increased susceptibility to the adverse effects of toxicants in children with ASD who have these SNPs compared with controls. However, the genes from only two groups of enzymes (that is, PON1 and GST) have undergone multiple studies, with slightly mixed results, and many of the studies reviewed have small sample sizes. In addition, genes encoding for enzymes important in xenobiotic elimination that have been demonstrated to have reduced activity in ASD, such as phenolsulphotransferase 173, 174 have not been studied to date in ASD. In addition, many studies that reported genetic abnormalities in enzymes did not measure enzymatic activity. For example, although four studies reported lower PON1 activity and one study reported lower GST activity in children with ASD compared with controls, most of these studies did not examine whether genetic abnormalities contributed to this finding. It is important to recognize that genetic polymorphisms are only one potential reason for changes in enzyme activity. Indeed, enzyme activity in vivo is modulated by such factors as gene expression, substrate and cofactor availability and metabolic modulators. Thus, the investigation of metabolism on a systems level may provide a clearer picture of the factors and interactions involved in potential differences in detoxification between ASD and TD individuals. In addition, as genetic susceptibility may only demonstrate a significant association with ASD in the context of a specific toxicant exposure, samples derived from diverse environmental exposures may demonstrate different relationships.
DISCUSSION
Studies of potential associations between ASD and estimated environmental exposures to toxicants
A majority (34/37, 92%) of the studies examining a potential association between ASD and estimated environmental toxicant exposures reported a significant relationship. In fact, only three studies did not find a significant association. 21, 42, 43 Fourteen studies suggested a dose-effect relationship-that is, higher estimated levels of gestational and/or early postnatal toxicant exposures significantly correlated with either an increased risk of developing ASD or a higher ASD prevalence. The four prospective studies reporting an association between ASD and environmental exposures to toxicants incorporated biomarkers estimating actual environmental toxicant exposure levels. [17] [18] [19] [20] Collectively, these results suggest that occupational and environmental exposures in parents and children to known neurodevelopmental toxicants may be related to the development of ASD. Indeed, most of the toxicants reviewed have known neurological sequelae when exposure is significant. However, these studies do not prove a causative relationship but indicate that further investigation is warranted. The studies discussed in this review provide an indication of the types of toxicants that may be of interest in future studies and provide insight into the sources of such exposures. In addition, one study reported that mothers of children with ASD were less knowledgeable than mothers of TD children about environmental toxicants and had higher estimated exposures to toxicants during pregnancy. 33 This suggests that increasing the knowledge concerning sources of toxicant exposure and the potential adverse effects of toxicants might lead to preventative strategies to help decrease the risk of ASD in some children.
One key remaining question is the mechanism by which these exposures could result in neurodevelopmental perturbations that could cause or contribute to the development of ASD. Measuring individual biomarkers of actual toxicant exposures at specific times may be useful to understand the types and quantities of toxicants that are necessary for increasing the risk of ASD. However, the use of biomarkers has limitations (discussed below). In addition, epidemiological studies provide insights into particular substances and times in neurodevelopment (that is, gestation) when biomarker measurements cannot be easily obtained and provide for the study of large populations that cannot be practically studied in detail on an individual level.
Studies examining biomarkers of toxicants and ASD Forty case-control studies examined concentrations of heavy metals in blood, urine, hair, brain and/or teeth of children with ASD compared with TD children. The results of these studies were mixed, with almost half (19 studies) reporting at least one elevated level in ASD compared with controls. Approximately 40% of the mercury and lead studies reported a positive association with ASD, whereas about one-third or less showed a positive association with cadmium and aluminum. Many (68%) of the studies reporting a positive association with ASD were performed outside the United States, and some of these studies were older in nature when exposure levels in the environment may have been higher. These inconsistent findings concerning toxicant biomarkers and ASD suggest the relationship between ASD and toxicants is complex, currently available biomarkers may not be sufficient to identify an association between toxicants and ASD, and studies with more rigorous experimental designs are needed.
Most of the studies measuring biomarkers of toxicants examined blood, urine or hair. Only a few studies examined biomarkers in brain or teeth, which are areas that may better reflect bioaccumulated toxicant concentrations as they represent tissue where toxicants are deposited. Indeed, only two studies examined brain levels of toxicants. 89, 140 As the brain is the major organ system affected in ASD, additional studies examining toxicant concentrations in the brain are warranted. However, the identification of toxicants at the tissue level (for example, fat or organs) may be difficult as levels can vary across tissues, even in the same individual. 146 Several studies suggested that children with ASD might metabolize toxicants differently than TD children based on genetic differences (discussed below). This finding raises the possibility that children with ASD may experience toxicity to pollutants at a lower concentration compared with TD children. For example, a child with a PON1 SNP might experience toxicity to a pesticide at a lower exposure level compared with a child without this SNP. Additional studies are warranted to examine whether the reported differences in the ability to metabolize lead and mercury and other toxicants cause more problems in children with ASD compared with TD children.
Links between biomarkers of toxicants and the severity of ASD symptoms
Seven studies reported that biomarkers of environmental toxicants were associated with ASD severity. For example, two studies reported that the severity of ASD was associated with the estimated heavy metal body burden. 59, 111 Five other studies correlated heavy metal levels with more severe autistic behaviors or intellectual problems. [72] [73] [74] 98, 112 Five studies reported that urinary porphyrin concentrations correlated with the severity of ASD symptoms. 114, [127] [128] [129] [130] Collectively, these studies support the notion that higher exposures to environmental toxicants are associated with more severe ASD symptomatology. As biomarkers Environmental toxicants and ASD represent an important method of identifying environmental toxicant exposures and subsequent adverse effects on an individual level, additional studies are warranted to investigate this possibility.
Associations between toxicants and physiological abnormalities in ASD
In several studies, biomarkers of environmental toxicants were associated with physiological abnormalities in some individuals with ASD. For example, one study from Saudi Arabia reported that the blood lead concentration significantly correlated with markers of mitochondrial dysfunction and oxidative stress in children with ASD. 101 In another study, a brain oxidative stress marker (3nitrotyrosine) was significantly correlated with brain mercury concentrations in some individuals with ASD. 89 Two studies reported that urinary porphyrin concentrations significantly correlated with oxidized GSH levels 127 or other oxidative stress markers. 135 Notably, many toxicants can produce abnormal physiology similar to that reported in some children with ASD, including depleting GSH levels, increasing oxidative stress, impairing cellular signaling, causing immune dysregulation and impairing mitochondrial function. 6, 175, 176 Of note, the male-to-female ratio reported in ASD (4:1) may partially explain the apparent link between environmental toxicants and physiological abnormalities reported in ASD. For example, when compared with females, males are generally more susceptible to the toxic effects of heavy metals, 177 pesticides, 178 and PCBs. 179 This heightened susceptibility may be due to a range of factors; some examples are higher oxidative stress 180 and lower GSH levels 181 generally observed in males compared with females. Animal studies also suggest males excrete mercury less readily than females, 182, 183 and that testosterone may increase the toxicity of mercury, 184 whereas estrogen is protective. 185 Notably, one of the reviewed studies reported that ASD was more significantly associated with pollutants in boys compared with girls. 31 A recent systematic review suggested gender-related differences in the susceptibility to toxicants, with males generally more susceptible. 186 Collectively, these male-related hormonal factors may amplify the adverse effects of environmental toxicants and contribute to the higher male prevalence observed in ASD. Further studies investigating this possibility are warranted.
Notably, children with ASD who have pre-existing physiological abnormalities, such as oxidative stress or mitochondrial dysfunction, might have heightened susceptibility to the adverse effects of toxicants. For example, some investigators have suggested that children with ASD who have oxidative stress, lowered GSH and/or impaired conjugation of GSH to toxicants might possess insufficient metabolic reserve to efficiently detoxify environmental pollutants. 157, 187 Several case-control studies have reported that a number of children with ASD have lower GSH levels compared with TD children. 157, [166] [167] [168] A higher frequency of genetic polymorphisms that could impair one-carbon metabolism and indirectly the synthesis of GSH was also observed in the ASD group in one of these studies, including homozygous variants in transcobalamin II (G776C) and the reduced folate carrier (G80A). 157 Lower GSH concentrations could contribute to slower elimination of heavy metals and xenobiotics. 187 For example, animal studies have demonstrated that the secretion of mercury into bile is diminished by GSH depletion and that intravenous injections of GSH increase mercury biliary secretion. 182, 188 Taken together, these findings suggest that disturbances in either GSH production or GSH conjugation to toxicants could increase susceptibilities to the adverse effects of toxicants and/or increase toxicant body burden in individuals with ASD. Additional controlled studies are warranted to investigate these possibilities.
Studies of gene and toxicant interactions in ASD Several polymorphisms in genes that could adversely affect the ability to efficiently eliminate environmental toxicants were reported in some children with ASD. However, only two genes (PON1 and GST) were examined in multiple studies and many of the studies had limited sample sizes. In addition, only a few studies confirmed the functional consequences of the polymorphism. In fact, four studies reported decreased PON1 activity and one study reported decreased GST activity in children with ASD compared with controls. It is possible that these findings could be due to SNPs in PON1 and GST, respectively, but further studies are needed to clarify this possibility.
Two studies examined a collection of genes and suggested that children with ASD may not metabolize heavy metals as efficiently as TD children owing to differences in genetics. 61, 104 Most importantly, as discussed below, the interactions between genes and environment are complex, suggesting that a multifactorial, systems level approach of examining detoxification metabolism is needed in future studies. Notably, the reviewed studies examining changes in genes involved in toxicant elimination could lead to preventative or treatment strategies. For example, one study reported the mothers with a polymorphism in GSTP1 were more likely to have a child with ASD compared with mothers without such a change. 158 This suggests that screening mothers for this polymorphism could lead to strategies to prevent ASD. Similarly, the identification of polymorphisms in genes involved in toxicant elimination may help to identify children who are at a higher risk of adverse events upon exposure to toxicants and/or who are at higher risk of developing ASD, and therefore may also lead to preventative strategies.
Several studies described findings that could represent synergistic interactions between genes and toxicants. For example, while several studies associated estimated pesticide exposures with an increased ASD risk, other studies found that polymorphisms in PON1, a gene critical for detoxification of pesticides, were also associated with an elevated ASD risk. However, only one of the reviewed studies simultaneously examined both estimated pesticide exposures and PON1 polymorphisms in the same children, 149 although synergistic effects between these two factors might be significant contributors to these reported associations. The lack of measuring both toxicant exposures and polymorphisms in most studies could explain the inconsistent findings in some studies. For example, the difference in the association between PON1 SNPs and ASD observed between Italy and North America in one study could be due to differences in exposures to household pesticides between the two countries. 153 None of the studies examining SNPs in genes involved in toxicant elimination in children with ASD examined potential interactions between different genes. For example, an individual who has both GST and PON1 abnormalities might be more susceptible to the adverse effects of toxicants compared with an individual with an abnormality in only one of these genes. Given the complex and polygenic nature of ASD, epistatic interactions among multiple SNPs (even those commonly observed in the general population, such as SNPs in GST) may act synergistically to amplify the adverse effects of environmental toxicants, thereby increasing the risk of developing ASD in children who are most susceptible. 187 These synergistic interactions may occur by either impairing detoxification or by adversely affecting biochemical pathways simultaneously damaged by toxicants. 189 The effects of polymorphisms in genes involved in detoxification pathways may be hard to predict. For example, one reviewed study examining PON1 demonstrated a significant gene-gene interaction (P o 0.025) between RELN and PON1 variants. 153 As reelin (the enzyme encoded by RELN) activity has been shown to be inhibited by OP pesticides, 190 it is possible that the indirect consequence of impaired elimination of OP pesticides due to PON1 polymorphisms may disproportionally affect individuals with RELN polymorphisms that predispose them to decreased reelin expression. As reelin is essential for neurodevelopment and reelin abnormalities have been associated with ASD, 191, 192 such gene-gene interactions could be significant. Therefore, these two reported genetic variants in RELN and PON1 in conjunction with OP pesticide exposure during critical periods of neurodevelopment, could cause reelin levels to drop below the threshold necessary for proper neuronal migration, thereby increasing the risk of developing ASD. 193 Polymorphisms in genes not involved in detoxification pathways could also interact with toxicants to amplify a common pathophysiology. For example, one study suggested that exposure to certain air pollutants, some of which have been linked to decreased MET protein expression, when combined with a polymorphism known to decrease MET gene expression (thereby decreasing protein expression), combine to increase the risk of developing ASD, presumably by synergistically decreasing MET protein production as decreased MET expression has been linked to an increased risk of developing ASD. 32 In this same manner, other synergistic interactions between environmental toxicants and genetic predispositions could be related to increasing the risk of developing ASD. For example, several lines of evidence point to an increased excitatory-inhibitory ratio in the ASD brain due to either increased glutamatergic (excitatory) or reduced GABAergic (inhibitory) signaling. 194, 195 Certain environmental toxicants can adversely affect glutamatergic and/or GABAergic pathways, thereby altering this excitatory-inhibitory balance of the brain. 196, 197 Mercury 198 and PCBs 199 can amplify glutamate signaling, whereas certain pesticides can impair GABAergic signaling. 176, 189 Given that autism has been associated with variations in genes responsible for glutamate receptors, 200, 201 GABA receptors, 202, 203 GABAergic interneurons 204 and interactions between glutamatergic and GABAergic neurons, 205, 206 all of which can also increase the excitatory-inhibitory ratio of the brain, it is very possible that a heritable pre-existing imbalance in the ratio of neuronal excitation to inhibition found in some children with ASD could be amplified by the adverse effects of environmental toxicants that simultaneously and additionally perturb this balance.
Collectively, the studies reviewed in this paper support the possibility that gene-environment interactions in enzymes important for detoxification are associated with ASD. Notably, SNPs in genes that may impair the elimination of toxicants might not become functionally relevant in individuals with ASD until toxicant exposure levels reach a critical threshold and normal defense mechanisms have been overwhelmed. 207 Differences in genes essential for detoxification could reduce this threshold in a subgroup of ASD children, making them more susceptible to the adverse effects of environmental toxicants. Without identifying this subgroup in advance, even large cohort studies could potentially miss these types of susceptibilities to toxicant exposures. 208 Additional controlled and adequately powered studies that incorporate potential gene-environment interactions as well as polymorphisms in genes involved in the detoxification of environmental pollutants are warranted. If positive, such studies would support the notion that some children with ASD may be more susceptible to the adverse effects of pollutants compared with TD children and that similar exposure levels to toxicants may cause adverse effects in some children with ASD that may not occur as readily in TD children. If these potential susceptibility factors (for example, variants in gene expression, different activity levels of enzymes related to detoxification and so on) are not taken into account, then studies examining only toxicant exposures might miss subtle adverse effects in the ASD group.
Identification of toxicant exposure in ASD Several studies suggested that toxicant exposures in children with ASD may be difficult to identify. For example, one retrospective chart review reported that, compared with controls, children with ASD were significantly older at the diagnosis of lead toxicity, had elevated blood lead concentrations for a longer period of time during treatment and were more likely to be re-exposed to lead during the study period despite close monitoring, environmental inspections and adequate lead cleanup procedures or alternative housing. 95 Two case reports suggested that the presentation of lead toxicity may be unusual in some individuals with ASD, and can present as a flu-like syndrome 96 or as weight loss, abdominal pain, diarrhea and vomiting. 94 Therefore, a high index of suspicion for toxicant exposures may be needed in children with ASD, as they may be more easily exposed to toxicants compared with non-ASD children. This may be because children with ASD generally have a longer oral-motor stage than TD children and are more likely to exhibit pica behavior. 91, 100 Because of these findings, periodic screening for lead exposure in children with ASD has been recommended. 209 Although the mean blood lead concentration in US children has declined over the last 30 years, a number of children still have lead levels high enough to impair cognitive functioning. 210 Recent evidence implicates even very low lead exposure (blood lead level less than 5 μg dl − 1 ) in neurodevelopmental deficits. 211 In addition, because low levels of lead exposure have been shown to have a role in large studies of children with ADHD, 212 similar large studies are warranted in children with ASD to determine whether even low levels of lead exposure increase the risk of ASD or increase ASD symptoms. As some children with ASD exhibit SNPs in ALAD 169 and also may metabolize lead differently than TD individuals, 104 incorporating genetic testing into studies of lead exposure may help identify children most at risk of developing toxicity from lead. Additional controlled studies examining lead concentrations in children with ASD are warranted, particularly studies that examine differences in lead metabolism in children with ASD, and also whether or not the cognitive effects of lead are different in children with ASD compared with TD children.
Limitations of reviewed studies
Many of the reviewed studies were case-control but did not always match participants on age or gender and, even when they did, often had an uneven number of case and controls without a rational for matching. Some of the studies were limited by possible recall bias, especially studies that relied on parental recall. For example, one study reported a higher prevalence of maternally reported childhood lead exposure (8.6%) in children with ASD; however, only two cases of lead exposure could be confirmed with chart abstraction data. 53 This finding could be consistent with poor parental recall and/or poor data collection. Many of the reviewed studies also had small sample sizes or were uncontrolled, and several studies relied on questionnaires. Others relied on laboratory reference ranges (sometimes using values established for adults) for comparisons instead of using actual measurements in control individuals as a reference. Therefore, these laboratory ranges might not have been representative of the ASD population studied. Finally, some studies measured heavy metals from different types of blood samples (whole blood, plasma, serum or RBC) or did not note which type of sample was used, making it difficult to account for differences in measurements between studies. For example, the RBC concentration of a heavy metal may be a measurement of long-term exposure (several months) compared with the whole-blood level. 59 Some studies reported that ASD symptoms were associated with toxicant exposures, but did not objectively confirm ASD diagnosis using standard criteria. For example, many autism research studies use one or two gold-standard instruments, either the standardized interactive examination known as the Autism Diagnostic Observation Schedule or a standardized historical interview known as the Autism Diagnostic Interview-Revised. These instruments were used in very few of the reviewed studies, and some studies provided an estimation of autism prevalence within a zip code, state or school district, leaving the exact instruments for ASD diagnosis possibly different across the populations sampled. Other studies used estimated ASD prevalence data rather than measuring actual prevalence. In addition, as the diagnosis of autism is less reliable in younger children, and children diagnosed with autism can sometimes improve and lose their diagnosis, 213 differences in ages across samples could also be a source of variability. Particularly good studies used state autism surveillance systems that standardized the autism diagnostic workup. In addition, some studies used questionnaires such as the SRS, which has a particularly high correlation with the Autism Diagnostic Observation Schedule.
Some of the studies estimated toxicant levels or used a proxy for toxicant exposures, but did not directly measure toxicant levels in individuals. Some studies had insufficient accounting for other sources of toxicant exposure or were unable to confirm toxicant exposures on an individual level. The ecological studies were generally limited by a cross-sectional design that prevented firm conclusions on causation, or by an assumption that environmental toxicant concentrations were a marker for actual toxicant exposure in the children studied. Findings from the hair studies were limited by the potential unreliability of laboratory methods for hair metal analysis. 214 Many of the studies only assessed estimated toxicant exposures during specific periods of time, such as during gestation or early childhood, or did not constrain the exposure time precisely. As there are several critical time periods during development, the precise timing when exposure to a toxicant is most disruptive is unclear. As a case in point, one interesting study used Bayesian modeling to define the critical periods before, during and after pregnancy when proximity to organochlorine pesticides would be most likely to result in ASD, and found two peaks of developmental vulnerability. 26 This demonstrates the complexity of the phenomenon being studied and suggests that better integration of biological information with respect to periods of peak vulnerability could help refine the statistical models used to study the neurodevelopmental effects of toxicant exposure.
Many of the reviewed studies revealed a positive association between environmental toxicants and ASD. These findings could be partly due to publication bias (studies finding a negative association might not have been published). The studies examining biomarkers of toxicant exposure were inconsistent, especially with respect to heavy metals and PCBs, and some studies lacked replication of findings. Some studies indicated that several biomarkers were significantly higher on average in ASD, or at least in some individuals with ASD, compared with controls; this supports the need for further careful investigation to confirm these findings. Although almost all of the reviewed studies (92%) found a significant association between estimated environmental toxicant exposures and ASD risk, the inconsistent findings concerning biomarkers suggest that currently available biomarkers may not be sufficient to identify such an association. In addition, the associations reported between environmental toxicants and ASD could be incidental and not causal. As many of the studies in this review had significant weaknesses, further investigations and controlled studies are needed.
CONCLUSIONS
The reviewed studies support an association between environmental toxicants and ASD. This may be due, in part, to higher toxicant exposures unique to individuals with ASD (that is, pica behavior) and/or increased susceptibilities to the adverse effects of toxicants. However, many of the reviewed studies contain significant weaknesses and reveal a need for more high-quality epidemiological studies concerning environmental toxicants and ASD. Many of the studies were retrospective or based on population estimates and did not confirm the ASD diagnosis. Notably, many studies did not account for the fact that exposures can occur at particular developmentally sensitive periods as many studies measured biomarkers and/or exposure at times other than these developmentally sensitive periods.
Despite these limitations, the reviewed studies support the notion that shared environmental and genetic factors could converge to result in neurotoxic mechanisms that may lead to the development of ASD. Potential susceptibilities to toxicants implicated in some individuals with ASD-including altered detoxification, genetic factors, lower GSH levels, oxidative stress, altered neuronal development and synaptic function, and hormonal factors-could act synergistically and amplify the adverse effects of toxicants during critical periods of neurodevelopment, particularly during the prenatal and early postnatal periods. Additional studies are needed to investigate the possibility that individuals who develop ASD may be more susceptible to the adverse effects of environmental toxicants compared with TD individuals, as well as the mechanisms that may mediate this susceptibility.
Unlike previous review articles on toxicants and ASD, this review examined both environmental and genetic mechanisms for toxicants contributing to ASD and synthesized this information. The findings of this review suggest that the etiology of ASD involves complex interactions between genetic factors and environmental toxicants that may act synergistically or in parallel during critical periods of neurodevelopment, conferring enhanced susceptibilities to the adverse effects of environmental toxicants in a manner that increases the likelihood of developing ASD. This review also offers many targets for additional research that may be helpful in investigating this possibility. The incorporation of potential gene-environment interactions and genetic polymorphisms affecting the detoxification of environmental pollutants should be considered in the search for candidate ASD genes, especially as some of these genetic factors have not been adequately studied to date in ASD. 14 
